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specific sub-populations of neurons.[2] 
Advances in optogenetics have enabled 
targeted neural network activation/inhibi-
tion but optical approaches are still limited 
by poor penetration of visible light into 
deep tissues.[3]

To address the limitations of existing 
techniques, new methods have emerged 
to capitalize on the sensitivity of ion chan-
nels to heat and/or mechanical forces, 
especially induced through magnetic field 
driven stimuli, to perform noninvasive 
neuromodulation.[4] Chen et  al.[5] dem-
onstrated the use of alternating magnetic 
fields to generate heat for opening TRPV1 
ion channels. It remains a concern that 
thermogenetics may damage tissue due to 
sustained heating and heating from inter-
nalized magnetic nanoparticles (MNPs) at 
noxiously high temperatures of 43 °C.[4] 
Stanley et  al. and Wheeler et  al. recently 
introduced the magnetogenetics con-
cept which utilizes magnetic forces to 
gate mechanosensitive ion channels.[6,7] 
Although the authors indicated that fer-
ritin proteins were crystallized to exert 
mechanical forces on mechanosensitive 
ion channels, it is expected that the exerted 
force would be small due to the small size 

of the ferritin nanoparticles (5–10 nm), thus raising questions 
about the origin of Ca2+ influx with their technique.[8] All these 
emerging techniques also rely on exogenous gene transfections 
that could disrupt existing network homeostasis[9] and the choice 
of transfection methods might also affect their suitability for 
clinical/translational use (Table S1, Supporting Information).

Neuromodulation tools are useful to decipher and modulate neural 
circuitries implicated in functions and diseases. Existing electrical and 
chemical tools cannot offer specific neural modulation while opto­
genetics has limitations for deep tissue interfaces, which might be 
overcome by miniaturized optoelectronic devices in the future. Here, a 
3D magnetic hyaluronic hydrogel is described that offers noninvasive 
neuromodulation via magnetomechanical stimulation of primary dorsal 
root ganglion (DRG) neurons. The hydrogel shares similar biochemical 
and biophysical properties as the extracellular matrix of spinal cord, facil­
itating healthy growth of functional neurites and expression of excitatory 
and inhibitory ion channels. By testing with different neurotoxins, and 
micropillar substrate deflections with electrophysical recordings, it is 
found that acute magnetomechanical stimulation induces calcium influx 
in DRG neurons primarily via endogenous, mechanosensitive TRPV4 and 
PIEZO2 channels. Next, capitalizing on the receptor adaptation char­
acteristic of DRG neurons, chronic magnetomechanical stimulation is 
performed and found that it reduces the expression of PIEZO2 channels, 
which can be useful for modulating pain where mechanosensitive chan­
nels are typically overexpressed. A general strategy is thus offered for 
neuroscientists and material scientists to fabricate 3D magnetic biomate­
rials tailored to different types of excitable cells for remote magnetome­
chanical modulation.

Magnetic Hydrogels

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.201800927.

Changes in intracellular calcium (Ca2+) levels are known to 
affect cell signaling and downstream processes such as synaptic 
plasticity.[1] Consequently, there is significant interest in modu-
lating Ca2+ influx in local circuits to study neural communica-
tion. Conventional tools such as electrodes and chemicals are 
useful for global neural stimulation but are unsuitable to study 
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By amplifying magnetic field gradients in the local vicinity 
of cells using microscale ferromagnetic elements, we demon-
strated previously that membrane-bound MNPs could stretch 
the lipid bilayer to enhance the opening probability of endog-
enous mechanosensitive N-type Ca2+ channels to induce 
calcium influx in cortical neural networks.[10] Nonetheless, 
our micromagnetic substrate with a Young’s modulus on the 
order of GPa is mechanically incompatible for use in soft brain 
tissues.[11] This motivated us to develop new magnetic biomate-
rials that allow exploiting the same underlying mechanism of 
magnetomechanical neuromodulation.

Here, we describe a 3D magnetic hydrogel composed of 
hyaluronic acid (HA) with similar biochemical and biophysical 
properties to native brain/spinal cord extracellular matrix.[12] 
The magnetic HA gel was used for acute and chronic mag-
netomechanical modulation of primary rat dorsal root ganglion 
(DRG) neurons that expressed high density of endogenous 

mechanosensitive PIEZO2 and TRPV4 ion channels. Capitali
zing on the receptor adaptation phenomenon characteristics 
of DRG neurons, we also demonstrated the utility of chronic 
magnetomechanical stimulation for reducing the expression of 
mechanosensitive PIEZO2 channels which are typically overex-
pressed patients suffering from chronic pain. We believe that 
these magnetic HA hydrogels have potential for future use in 
several applications including remote neural stimulation and 
regenerative medicine.

Fabrication of magnetic hyaluronic acid hydrogel: The 
magnetic HA gel is synthesized by reacting 4-arm-poly
ethylene glycol vinylsulfone (PEG) with high molecular weight 
(700 kDa) HA-thiol, a main component of the brain/spinal 
cord extracellular matrix,[12] and 1 µm diameter fluorescent 
magnetic microparticles (MMPs, Figure S2A,B, Video S1, Sup-
porting Information) functionalized with thiol (Figure 1A). 
Through analyzing fluorescence images, we found that the 

Adv. Mater. 2018, 30, 1800927

Figure 1.  Characterization of magnetic HA hydrogels. A) Schematic of magnetic HA hydrogels. Magnetic microparticles conjugated with thiol were first 
reacted with 4-arm-PEG-VS before mixing with HA-thiol to form magnetic HA hydrogels. MMP-thiol shown is not to scale. B) Bright-field and fluorescence 
images showing even distribution of MMPs in HA hydrogels about 5 µm apart from one another. C) Size and shape profiles of hydrogels under different 
conditions. CM: conditioned media. The hydrogels were stable for at least 12 days. D) Flow cytometry analysis showed that there was minimal leakage of 
magnetic microparticles from the magnetic HA hydrogels in different solutions. This was important to minimize cytotoxicity and ensure consistent mag-
netic forces were transduced to the DRG neurons. E) The storage modulus of magnetic HA hydrogels of 136 ± 28 Pa was similar to that of the brain/spinal 
cord extracellular matrix (100–200 Pa). F) Forces applied to magnetic HA hydrogels over different days of magnetomechanical stimulation at 0.136 Hz
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fluorescent MMPs were evenly distributed within the hydro-
gels with an average distance of ≈5 µm apart from one another 
(Figure 1B).

We assessed the stability of the hydrogels in different media 
commonly used in electrophysiology experiments and for 
culturing neurons. The hydrogels were stable, with minimal 
change in physical size/shape at day 12 even with 4 days of 
magnetomechanical perturbations with a permanent magnet 
(Figure 1C). Cell-internalized MMPs can cause cytotoxicity.[13] 
MMP leakage from the hydrogels would also reduce the magni-
tude of mechanical forces that could be applied. We thus quan-
tified the percentage of fluorescent MMPs in the surrounding 
solution of the hydrogels using fluorescence flow cytometry 
and found negligible (<1%) MMP leakage from the magnetic 
HA hydrogels across all conditions investigated (Figure 1D).

To ensure healthy neuronal growth in the magnetic HA 
hydrogels, it is paramount to optimize both the biochemical 
and biophysical properties.[14] We hence synthesized the mag-
netic HA hydrogels using high molecular weight (700 kDa) 
HA which are also abundant in brain/spinal cord extracellular 
matrix.[12] Cells including neurons respond to biophysical cues 
which influence their growth and regeneration.[15] Therefore, 
we optimized the concentrations of HA-thiol and MMPs-thiol 
to obtain magnetic HA hydrogels with an average storage mod-
ulus of ≈136 ± 28 Pa (Figure 1E) to mimic that of the brain/
spinal cord extracellular matrix of 100–200 Pa.[16]

Previously, we found that chronic magnetomechanical stim-
ulation with increasing force magnitude/day modulated the 
expression of mechanosensitive N-type Ca2+ channels that were 
overexpressed in Fragile X Syndrome-model primary cortical 
neural networks.[10] Capitalizing on this finding, we decided 
to chronically stimulate the DRG neurons cultured in mag-
netic hydrogels for four days for 30 min per day at 0.136 Hz 
(Figure 1F; Figure S5, Video S3, Supporting Information) with 
increasing force magnitudes (0.15 to 1 µN, Equation (S1), 
Tables S2 and S3, Supporting Information). As the hydrogels 
were firmly attached to the bottom of well-plates, magnetic 
forces were transduced into mechanical stimulations on DRG 
neurons. Based on our fluorescent images that MMPs are evenly 
distributed ≈5 µm apart from one another (Figure 1B) and theo-
retical calculations, we showed that mechanical stresses were 
evenly distributed in the magnetic HA hydrogels, thus allowing 
both somas and neurites to be mechanically stimulated (Equa-
tion (S4), Figure S8, Supporting Information).

Hydrogels support viable cultures of primary neurons and 
extension of functional neurites: Before applying the magnetic 
HA hydrogels for neural stimulation, we assessed the health 
of primary DRG neurons cultured in 3D within the hydrogels. 
We observed no significant difference in cytotoxicity compared 
with 12-day-old neurons cultured on standard 2D poly-l-lysine-
coated coverslips, 3D HA gels, and 3D magnetic HA gels with 
or without chronic magnetomechanical stimulation with a live/
dead assay (Figure 2A). The metabolic activities of the neurons 
were also similar across different gel conditions (Figure 2B).

We found that DRG neurons displayed healthy primary neu-
rite outgrowths in (non-)magnetic HA hydrogels (Figure 2C) 
with observable penetration and growth in the gel networks 
(Figure S6A,B, Supporting Information). On average, neu-
rons cultured under different conditions, i.e., (non-) magnetic 

hydrogels (non-) stimulated had typical 4–7 primary neurites, 
indicating healthy development (Figure 2D).

Finally, we found that all the DRG neurons had similar 
absolute fluorescence levels when loaded with a Ca2+-sensitive 
dye (Figure 2E), fluo-4 (Figure S6C, Supporting Information). 
This test allowed us to know that the neurons were growing 
healthily in the hydrogels and were not experiencing excessive 
stresses that typically led to heightened intracellular calcium 
levels. 12-day-old neurons cultured in various conditions also 
exhibited a similar increase in intracellular fluorescence Ca2+ 
levels after incubation with bicuculline (EC50  = 3.0 × 10−6 m), 
suggesting that they expressed similar and healthy levels of 
inhibitory γ-Aminobutyric (GABAA) receptors (Figure 2F).

Acute magnetomechanical neural stimulation induced 
calcium influx: Primary DRG neurons express a number of 
endogenous mechanosensitive ion channels.[17] Four of them, 
i.e., PIEZO1, PIEZO2, TRPV4, and N-type Ca2+ have been 
shown to be activatable by magnetomechanical stimulation.[4]

We performed immunolabeling for the four mechanosensi-
tive ion channels and found that consistent with the literature, 
primary DRG neurons express higher densities of PIEZO2 than 
PIEZO1 (Figure 3A,B).[18] We also found that the DRG neurons 
had high expression of TRVP4 (Figure 3C) but a low expression 
of N-type Ca2+ channels which are primarily concentrated at the 
axonal boutons and synapses at low (Figure 3D) and high den-
sity neural networks (Figure 3E).

We found a 50% ± 5.1% increase in ∆F/F0 (change in fluo-
rescence Ca2+ levels over background fluorescence) after acute 
magnetomechanical stimulation (Figure 3F). Note that for 
subsequent experiments, drugs/inhibitors were added for the 
condition of stimulated magnetic HA hydrogels. To investigate 
whether our method of stimulation was voltage-dependent, 
we first added 1 × 10−6 m tetrodotoxin (TTX), a highly spe-
cific inhibitor of voltage-gated sodium channels involved in 
action potential propagation. We observed apparent stimula-
tory effects due to magnetomechanical forces even with TTX 
(Figure 3F), suggesting that neural stimulation was not voltage-
dependent. Next, we inhibited the mechanosensitive N-type 
Ca2+ channels with a highly specific inhibitor, ω-conotoxin-
GVIA.[19] There was no significant difference in ∆F/F0 in the 
presence of ω-conotoxin-GVIA after acute magnetomechanical 
stimulation (Figure 3F). This suggests that N-type Ca2+ chan-
nels most likely did not contribute or contributed very little to 
calcium influx, consistent with our previous finding that the 
expression density of mechanosensitive ion channels affected 
their contribution to Ca2+ influx after magnetomechanical 
neural stimulation.[10]

We hypothesized that if that was the case for N-type Ca2+ 
channels, because of its low expression, PIEZO1 would also 
have no or minimal contribution to Ca2+ influx after acute mag-
netomechanical stimulation. Unlike N-type Ca2+ channels, there 
is no specific inhibitor against PIEZO1 without also inhibiting 
PIEZO2 and TRPV4 (Table S3, Supporting Information). How-
ever, Yoda1 is a specific activator of PIEZO1.[20] We reasoned 
that if we observed significantly lower ∆F/F0 in the presence 
of Yoda1 which would have activated PIEZO1, it meant that 
PIEZO1 was a major contributor to intracellular change in 
Ca2+ level. As expected, ∆F/F0 was not significantly different 
from treatment with Yoda1, suggesting that PIEZO1 channels 

Adv. Mater. 2018, 30, 1800927
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had minimal contribution to Ca2+ influx during magnetome-
chanical neural stimulation (Figure 3F). This is supported by 
a recent report that PIEZO1 channels act as high-pass filters 
and are activated only at mechanical stimulation frequency 
≥10 Hz[21] while our stimulation was <1 Hz. We next inhib-
ited both PIEZO2 and TRPV4 with Ruthenium red and found 
that this significantly negated the effects of mechanical neural 
stimulation (Figure 3F).

There is no specific inhibitor against PIEZO2. GSK205, 
which has been reported to inhibit TRPV4,[22] is not widely 
verified and has not been tested for its inhibition against other 
channels in the TRP family. To overcome the lack of spe-
cific neuroinhibitors, we sought to determine whether forces 
applied through magnetic/mechanical stimulation and trans-
duced via hydrogel deformations could gate these mechanosen-
sitive channels.

With our magnetic HA hydrogels, we could magnetically 
actuate the MMPs which then presumably stretched cell mem-
branes to activate PIEZO2.[21,23] Servin-Vences et  al.[22] found 

that while PIEZO could be activated by small membrane stretch 
(90 mmHg), TRPV4 did not. However, TRPV4 was highly 
sensitive to deflection at the cell–substrate interface.[22] HA is 
a bioactive polymer that binds to cell surface receptors, and 
magnetic actuation is expected to activate TRPV4 through force 
transduction through these receptors.[12] To test our hypothesis, 
we performed substrate deflection using a micropillar array[24] 
(Figure 4A,B) on HEK cells with tetracycline-inducible TRPV4 
expression.[25]

As expected, when we applied larger deflections, currents of 
higher amplitudes were recorded[22,24] (Figure 4C,D). Current 
is a function of N (number of ion channels), g (conductance 
of channels), and P0 (opening probability). However, N is not 
expected to change significantly during mechanical stimulation 
that lasts on the order of milliseconds and g which is a measure 
of evolutionarily conserved pore structure is also unlikely 
to change significantly.[10] Therefore, it is most likely that 
larger forces increased P0, similar to findings from published 
literature,[22,24] leading to larger currents.

Adv. Mater. 2018, 30, 1800927

Figure 2.  Healthy neuronal development in hydrogels. A) Live/dead assay showed that there was minimal cytotoxicity and high survival rate of DRG 
neurons in the hydrogels. B) Metabolic activities of DRG neurons were similar in different hydrogels. C) Neurite Tracer images showing primary neurites 
of DRG neurons cultured in different hydrogels. D) Average number of primary neurites of DRG neurons cultured in different hydrogels was between 
4 and 7, indicating healthy neuronal growth. E) Similar fluorescence Ca2+ levels in resting state and F) similar increase in fluorescence Ca2+ levels after 
treatments with bicuculline suggested functional neuronal developments in different hydrogels. HA: hyaluronic acid hydrogels; Mag HA: magnetic 
hyaluronic acid hydrogels. Number of cells represented in (A), (B), (E), and (F): 50 000 cells per condition which corresponds to the total number of 
cells per well. Triplicates were performed for each condition. Number of cells represented in (D): 30 cells per condition.
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Based on the results of: (1) pharmacological inhibitions, 
(2) electrophysiological data, (3) our previous findings and 
existing literature that Ca2+ influx is attributed mostly to highly 
expressed endogenous mechanosensitive channels and (4) that 
PIEZO2 channels are activated by forces at low frequency,[21] we 
reasoned that PIEZO2 and TRPV4 which were highly expressed 
on primary DRG neurons likely contributed the most to Ca2+ 
influx after magnetomechanical neural stimulation.

Chronic magnetomechanical stimulation modulated expres-
sion of mechanosensitive PIEZO2 channels: It is well-known 
that neural networks actively regulate their ratio of excitatory to 
inhibitory ion channels/receptors to maintain network homeo-
stasis.[26] Previously, we found that Fragile X Syndrome-model 

primary cortical neural networks reduced their expressions 
of mechanosensitive N-type Ca2+ channels after chronic 
magnetomechanical stimulation only with increasing force 
magnitudes.[10] We wanted to examine whether this phenom-
enon could also be observed in primary DRG neural network.

We performed chronic mechanical stimulation for  
4 days for 30 min per day (day 1: 0.145 µN, day 2: 0.244 µN, 
day 3: 0.457 µN, day 4: 1.00 µN, Figure 1F). Our decision to 
increase the force magnitude daily is also supported by the phe-
nomenon of receptor adaptation where DRG neurons respond 
to stable stimuli with decreasing frequencies of action poten-
tials and stronger stimuli are needed for continual excitation 
for neuromodulation.[27]

Adv. Mater. 2018, 30, 1800927

Figure 3.  Acute and chronic magnetomechanical stimulation. A,B) There was low expression of PIEZO1 channels (A) compared to much higher expres-
sion of PIEZO2 channels (B) on DRG neurons. C–E) High expression of TRPV4 channels (C), but low expression of N-type Ca2+ channels in single 
neurons (D) or neural networks (E). F) Magnetomechanical stimulation induced Ca2+ influx in magnetic HA hydrogels with ∆F/F0 = 50% ±  5.1%. 
Stimulation was independent of ω-conotoxin (N-type Ca2+ channels), Yoda1 (PIEZO1 channels). Ca2+ influx was inhibited by Ruthenium red that blocks 
both PIEZO2 and TRPV4 channels. Ca2+ fluorescence signals with Ruthenium red was statistically significantly different from those with no toxins added, 
TTX, ω-conotoxin, and Yoda1. HA: hyaluronic acid hydrogels; Mag HA: magnetic hyaluronic acid hydrogels; Nstim: not stimulated; Stim: stimulated. 
*: p < 0.05.
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We found that DRG neural networks cultured in mag-
netic HA hydrogels that underwent chronic magnetomechan-
ical stimulation with increasing force magnitude/day over  
4 days (day 9–12) had statistically significant reduction in their 
expression of excitatory, mechanosensitive PIEZO2 channels 
(Figure 4E). There was, however, no statistically significant dif-
ference in the expression of PIEZO1 and TRPV4 (Figure 4E).

Neural stimulatory techniques allow neuroscientists to inves-
tigate neurocommunication and to modulate neural circuits 
implicated in behaviors such as learning and feeding.[6] How-
ever, current tools for neural modulation face limitations such 
as non-specificity and invasiveness. Emerging methods such as 
thermogenetics can damage tissues especially during chronic 
use and the mechanism of ferritin-based magnetogenetics is 
still being questioned.[4]

Here, we describe a novel magnetic HA hydrogel that over-
comes some of the limitations and offers advantages over 
existing tools: (1) The 3D magnetic HA hydrogels made use 
of magnetic fields with deep tissue penetration. This allows in 
vitro and in vivo remote, noninvasive neural stimulation across 
deep brain tissues and potentially neurons in the peripheral 
nervous system.[28] (2) The magnetic HA hydrogels share sim-
ilar biochemical (use of high molecular weight 700 kDa HA) 
and biophysical properties (storage modulus of 136 Pa) to the 
native extracellular matrix of the brain/spinal cord that allow 
neurons to grow healthily. (3) Compared to other neural stimu-
latory materials such as optoelectronic devices, magnetic HA 
hydrogels can be injected easily into deep tissues, synthesized 
in large quantities and conveniently lyophilized, transported, 

and rehydrated for use in different laboratories. (4) The mag-
netic HA hydrogel has low MMP leakage which is an advantage 
over emerging neuromodulatory tools using freely moving mag-
netic particles which have reduced stimulatory efficacy and can 
cause cytotoxicity when their protective coating such as PEG[5] 
or starch are degraded with time.[29] (5) Magnetomechanical 
stimulation enhanced the opening probability of endogenous 
mechanosensitive channels that are highly expressed in neu-
rons allowing Ca2+ influx. This avoids the step for exogenous 
ion channel transfection which can disrupt existing network 
homeostasis,[9] and have variable efficiency based on the age of 
the subjects[13] and transfection methods.[30] (6) This method 
can be used to magnetomechanically stimulate other neuronal-
types and excitable cells such as cardiac cells that also express 
mechanosensitive ion channels by conjugating biomaterials 
with similar biochemical/biophysical properties with MMPs for 
tissue-specific tailored stimulation. The time for complete gel 
degradation can also be modified with chemical means.

We demonstrated that we could elicit Ca2+ influx in primary 
DRG neurons cultured in 3D magnetic HA hydrogels with 
50% ± 5.1% increase in ∆F/F0. The mechanism of neural stim-
ulation did not involve voltage-sensitive sodium ion channels. 
By inhibiting different mechanosensitive channels and under-
standing the force sensitivities of mechanosensitive channels, 
we also reasoned that PIEZO2 and TRPV4 channels which are 
abundant on primary DRG neurons contributed most signifi-
cantly to the Ca2+ influx (Figure 5). Chronic magnetomechan-
ical stimulation with increasing forces reduced the expression 
of PIEZO2 channels consistent with the receptor adaptation 

Adv. Mater. 2018, 30, 1800927

Figure 4.  Electrophysiological recordings and chronic magnetic stimulations. A) Schematic of micropillar deflection with concurrent electrophysi-
ological recordings. B) Bright-field image of HEK cells with inducible TRPV4 mechanically stimulated. C) Example traces showing that larger mechanical 
substrate deflections enhanced opening probability of mechanosensitive TRPV4, leading to larger current amplitudes. D) Stimulus response graph of 
deflection-gated currents in HEK with and without TRPV4. Measurements from an individual cell were binned according to stimulus size and current 
amplitudes were averaged within each bin, then across cell and data are displayed as mean ± standard mean error. HEK cells with inducible TRPV4 
expression showed statistically significant robust response to mechanical substrate deflections compared to HEK cells without TRPV4 at 500–1000 nm 
substrate deflections. E) Chronic magnetomechanical stimulation significantly reduced the expression of PIEZO2 channels but not PIEZO1/TRPV4 
channels in DRG neurons cultured in magnetic HA hydrogels. 50 000 cells were present in each well/condition. Triplicates were performed for each con-
dition. HA: hyaluronic acid hydrogels; Mag HA: magnetic hyaluronic acid hydrogels; Nstim: not stimulated; Stim: stimulated. *: p < 0.05, **: p < 0.001.
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phenomenon and previous finding that neural networks 
actively regulate their ratio of excitatory to inhibitory signals to 
maintain homeostasis.[10]

We believe that other than being a tool for acute neural stim-
ulation, the magnetic HA hydrogels might also find utility in 
chronic pain modulation, by reducing the expression of mecha-
nosensitive PIEZO2 channels.[31] The magnetic HA hydrogels 
could also be used to study the role of mechanotransduction 
in tissue regeneration.[32] In the future, it will be important to 
investigate the effects of different force magnitudes and how 
there might be force-sensitivity differences amongst the various 
mechanosensitive channels.

Experimental Section
Hydrogel  Fabrication  and Cell Encapsulation: Thiol-functionalized 

magnetic microparticles (MMP-SH)  were conjugated to 4-arm-
polyethylene-glycol-vinyl-sulfone (PEG-VS, 20 kDa, JenKem Technologies) 
prior to hydrogel fabrication. Briefly, MMP-SH (500 × 10−3 m) were added 
to a solution of PEG-VS, 20 mg mL−1, 20 × 10−3 m HEPES, pH = 7) and 
kept at 37 °C for 2 h to achieve PEG-MMP. HA-SH (Mw = 700 kDa) was 
dissolved at 20 mg mL−1 (20 × 10−3 m, HEPES, pH = 10) where the pH 
was later adjusted to 7 using 1 m NaOH. Equal volumes of HA-SH and 
PEG-MMP solutions were mixed and 40 µL of the mixed solution was 
injected to a 96 well-plate followed by 90 min of incubation at 37 °C. To 
encapsulate the neurons, aliquots of neurons (4 µL, 50 000 cells) were 
injected into each hydrogel 45 min into gelation. Cell-laden hydrogels 
were incubated for another 45 min at 37 °C until full gelation is achieved 
before addition of culture media (150 µL per well in a 96 well-plate).

Dissociation of Neurons from Primary Dorsal Root Ganglions Neuron: 
Embryonic primary dorsal root ganglions (DRGs) were purchased 
from Brainbits. Embryonic primary DRGs tissues were placed in cell 
dissociation solution (1 mg mL−1 collagenase/8 mg mL−1 dispase) 
at 37 °C for 1 h with gentle swirling every 5 min. After removal of cell 
dissociation solution, 2 mL of Hibernate AB (Brainbits) were added. 
Tissue was triturated ≈30 times using a 1 mL pipette tip and centrifuged 
at 200 g for 3 min. The supernatant was removed and appropriate 
volume of culture media was used to resuspend the pellet. Culture cells 

with Neurobasal media (Life Technologies) supplemented with 10% 
B27, 1% GlutaMAX and 25 ng mL−1 nerve growth factor (Brainbits). 
Neurons were cultured in 37 °C incubator maintained at 5% CO2 with 
addition of 50% media change every 7 days.

Calcium Dye Incubation and Magnetic Force Stimulation: Primary 
DRG neurons were incubated with Fluo-4 Direct calcium assay kit with 
250 × 10−3 m stock solution of probenecid. Briefly, 5 mL of calcium assay 
buffer was mixed and vortexed with 100 µL of probenecid stock solution 
to create a 2× loading dye solution. The dye solution was then added to 
the cells with media in a 1:1 ratio and incubated for 1 h before imaging 
to allow sufficient diffusion through the hydrogels. For experiments 
involving TTX (1 × 10−6 m), ω-conotoxin GVIA (1 × 10−6 m), bicuculline 
(3 × 10−6 m), Yoda1 (25 × 10−6 m), and Ruthenium red (30 × 10−6 m), the 
chemical was added during calcium dye incubation (1 h).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 5.  Mechanism of magnetomechanical stimulation of DRG neurons with magnetic hyaluronic acid hydrogels. Mechanosensitive PIEZO2 chan-
nels are activated by magnetic microparticles embedded in the hydrogels through membrane stretching. On the other hand, mechanosensitive TRPV4 
channels are activated by magnetic force-induced hyaluronic acid hydrogel deformations.
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